A new method of image subtraction is applied to images from a J, K, and narrowband imaging survey of 300 square degrees of the plane of the Galaxy, searching for new Wolf-Rayet stars. Our survey spans 150 degrees in Galactic longitude and reaches 1 degree above and below the Galactic plane. The survey has a useful limiting magnitude of K = 15 over most of the observed Galactic plane, and K = 14 (due to severe crowding) within a few degrees of the Galactic center. The new image subtraction methods (better than aperture or even point-spread-function photometry in very crowded fields) detected several thousand emission-line candidates. In June and July 2011 and 2012, we spectroscopically followed up on 333 candidates with MDM-TIFKAM and IRTF-SPEX, discovering 90 new emission-line sources. These include 55 new Wolf-Rayet stars, comprising the most distant known Galactic WR stars, more than doubling the number on the far side of the Milky Way. We also demonstrate our survey's ability to detect very distant PNe and other NIR emission objects.
Introduction
In the more than 140 years since their first identification (Wolf & Rayet 1867) , Wolf-Rayet (WR) stars have remained one of the most interesting (and, at times, baffling) classes of stars. Their huge masses (≥ 25 M for initial stellar mass) and short lifetimes (typically ∼ 3 × 10 5 years in WR phase) make them excellent tracers of recent star formation, and their position in the stellar evolutionary chain is important to both stellar astrophysics and supernova theory. The intense stellar winds of WR stars add a significant amount of C and O, and some N, to the interstellar medium (ISM), and contribute a significant fraction of the ISM's energy and momentum budget; they also produce characteristic emission lines which give astronomers a probe into the atmospheres of these very hot, evolved stars.
The most reliable method to date of WR detection has been to look for narrowband excess due to emission lines in the optical, particularly the strong HeII 4686Å line. However, probing the Milky Way using this technique is difficult beyond ∼3 kpc due to extreme dust extinction (∼30 visual magnitudes across and through the center of the Galactic plane); in the near-infrared only ∼3 magnitudes of extinction occurs across the Galactic plane (see Shara et al. 1999, section 7) . Clearly the near-IR is the wavelength range of choice for searching out the vast majority of WR stars in the Milky Way. Two earlier papers in this series have focused on photometric techniques, and identified 112 new Galactic Plane WR star (Shara et al. 2009; Shara et al. 2012 , hereafter Paper I and Paper II, respectively).
Br-γ filters.
The images from this survey were completely re-reduced for the new image-differencing pipeline described in this paper. Super dome flats for each month were created by combining all dome flats in that month. The images were then divided by the master dome flats. A skyflat was created by median-combining the first dither positions from all the separate pointings. The skyflat was then scaled to match each image in the dither sequence and subtracted. Next, DAOphot (Stetson 1987 ) was used to find sources in each of seven dither positions for every field. The sources were matched using DAOmatch and DAOmaster, and finally the 7 dither positions were combined using MONTAGE2 (Stetson 1994) .
WCS astrometry for the images was computed by the astrometry.net package (Lang et al. 2010) , using J and K index files with skymark diameter ranges from 8 to 11 arcmin. The program was called with xylists obtained by the NASA IDL Astronomy Library's version of DAOphot's FIND procedure (Landsman 1993) , using the 500 brightest stars in each image. After including SIP distortion coefficients, mean residuals less than 0.5 arcsec were found when compared to 2MASS sources (Skrutskie et al. 2006) . Then, working on a field-by-field basis, we computed photometry using the IDL-DAOphot procedures SKY, FIND, and APER, and the positions output by these routines were matched among the images. Sources were then matched to 2MASS source lists in J and K, and a mean magnitude offset calculated to calibrate the photometry library to 2MASS.
Once WCS solutions and photometry had been obtained, we performed image differencing in wavelength-space, which provided a method to find rare emission-line sources from very crowded images. We generated a continuum image for each emission-line-centered narrowband image (ENB) by linearly interpolating between the two continuum narrowband (CNB) images in wavelength space; this interpolated image (INB) was then subtracted from the emission line image to produce the residual. Images were subdivided to allow modeling of the spatially-varying sky background by an array of intersecting planes. After removal of the background, stellar positions in each subdivision were matched between images and a translation/rotation warp was applied to spatially align subdivisions as accurately as possible. Higher-order warp solutions were not found to improve alignment significantly.
After warping the subdivisions to match, we scaled the global brightness between the ENB and INB images. Through trial and error we concluded that no single method of determining a scaling factor worked for all images (or even all subdivisions); thus, to remove outliers, five different scaling factors were determined for each subdivision, using different methods. The final scaling factor was chosen as the median value of all methods on all subdivisions. No PSF matching was performed, as (a) each image had a PSF which displayed large spatial variations, and (b) the blurring due to convolution was generally catastrophic to the resolution of the images.
Once the ENB and INB images were matched as closely as possible, the difference image was obtained. Figure 1 shows the C IV ENB image (left) and difference image (i.e. on-line intensity including continuum, minus interpolated and scaled off-line continuum-only intensity, right) for field 1093, a typical field which lies 24 • from the Galactic Center, and is relatively crowded, containing 6 previously known WR stars. The difference image in figure 1 demonstrates how both the spatiallyvarying sky and more than 99% of the stellar sources were removed by the subtraction process. Figure 2 shows a previously known WR star in that field. Despite the lack of PSF fitting, residual artifacts for the non-emission sources are quite minimal compared to the strong residual emission PSF of the WR star.
The final determination of candidates from the difference images involved a 3-step process. Each difference image contained many residuals that were the product of bad subtractions instead of true stellar-line emission; these must be removed. First, we determined the magnitude of every star which produced a significant positive residual in the difference image (m dif f ), and normalized this magnitude by the original magnitude of the star in the CNB images (m c = (m C1 + m C2 )/2) to produce ∆m = m dif f − m c , a metric conceptually similar to equivalent width.
We then plotted m c vs ∆m for each filter, including a large number of fields on each plot, and determined isodensity contours. Then, m c vs ∆m was plotted for each filter in each individual field, and the 99% density contour was overlaid. Only those sources with significant bright deviations outside the 99% contour were considered as candidates, to eliminate field stars with no emission that survived the subtraction due to random fluctuations and poor PSF matches. Figure 3 shows the ∆m plot for the C IV filter in field 1093. Determining the optimal region of the ∆m plot for strong WR characters was accomplished by plotting previously known Wolf-Rayet stars, and identifying areas where particular types seemed clustered, particularly with separation from the main density of residual field stars. By overplotting smoothed 99% density contours onto these diagnostic plots, we were able to isolate strong candidates for further refinement.
The second step of the selection process was to apply Mid-infrared (MIR) and Near-infrared (NIR) color cuts. We matched every source in each image to entries in the 2MASS and WISE (Wright et al. 2010 ) point source catalogs, and applied the following color cuts:
The top panel of figure 4 is a color-color diagram showing the NIR color cut, using 2MASS colors only. The great majority of WR stars lie below the cut line, while the great majority of field stars lie above it. In the bottom panel, a color-color plot including colors from the WISE photometry, the separation is even more pronounced. WR stars are intrinsically very hot, and therefore blue, and so it should come as no surprise that no WR stars lie below the cut line, with at least a 0.2 magnitude separation from the main bulk of field stars.
Figure 4 also includes a selection of Galactic planetary nebulae (PNe), which are one of the primary contaminants in the emission line candidate sample. The third and final step was to visually blink all candidates that both satisfied the color cuts and had significant deviations on the ∆m plot; this method, along with other color cuts, serves to remove the majority of PN contaminants.
Spectral Follow-up & Reduction
The first round of spectral follow-up for this candidate set was conducted over 7 nights at MDM and 12 half-nights at IRTF in June and July 2011.
IRTF
At the 3m NASA Infrared Telescope Facility (IRTF), we obtained near-IR spectra of 150 candidate WR stars, selected using the criteria above, with the SpeX spectrograph. Two of the nights were cloudy enough to prevent observations. We operated in cross-dispersed mode with the 0.5" slit aligned and obtained an average resolving power of λ/∆λ ∼ 1200, over a wavelength range of 0.8 − 2.4 µm.
We first acquired each target in the guider camera, then took a single AB dither pattern, with exposure times varying from 30s for our brightest targets to 200s for our faintest. Once we had confirmed the presence of emission lines we began a second set of AB images so each WR candidate had four images obtained with an ABBA dither pattern along the slit. To minimize the overhead (slew and calibration target time) between sources, we chose nearby subsequent targets.
After each several targets (typically 4-5), we observed an A0V star at a similar airmass for flux calibration and telluric correction. Internal flat-field and Ar arc lamp exposures were also acquired for pixel response and wavelength calibration, respectively. Additionally, we acquired spectra of almost all known spectral subtypes of Wolf-Rayet star. We reduced all data with SpeXtool version 3.3 Cushing et al. 2004 ) using standard settings.
MDM 2011
During a run of excellent weather over the 7 nights in June 2011, we obtained 113 near-infrared spectra of candidate stars using TIFKAM in spectroscopic mode on the 2.4m Hiltner telescope at MDM Observatory. The weather conditions were excellent, with average seeing. We operated with the 100 micron slit, the K blocking filter, and the J/K grism, providing wavelength coverage of 1.97 − 2.42 µm at a resolving power of λ/∆λ ∼ 660. We performed a single AB dither pattern on each source once it had been placed on the slit in movie mode and a guide star acquired. If on-the-fly extraction using IRAF showed emission, a second AB dither was taken, giving each WR candidate an ABBA dither pattern along the slit. Exposure times varied from 20s for the brightest targets to 240s for the faintest. We also observed A0V stars at a variety of airmasses for flux calibrations and telluric corrections, acquiring internal flat-field exposures as well for calibrating pixel response. Additionally, we obtained spectra of almost all known spectral subtypes of Wolf-Rayet star.
Spectra from this run were reduced with a combination of IRAF packages and IDL programs.
Trimming and flat-fielding were performed with CCDPROC and FLATCOMBINE, and extraction was performed with APALL, all in IRAF. Image arithmetic, wavelength calibration, and combining extracted spectra were done in IDL; we used the XTELLCOR GENERAL program included in the SpeXtool package, also written in IDL.
We discovered after the run that the NeAr arc lamp images we took at the telescope were faulty, and so wavelength calibration was performed using night sky lines taken from the unprocessed images. The resulting wavelength calibration is in some cases mediocre, but there was a good enough match to perform telluric corrections, as well as to assign WR star types and subtypes.
MDM 2012
During early 2012, the original survey data were reduced again, using different methods to produce better images. A new IDL pipeline was constructed, creating flat and sky images by median-combining the first and last dither of each pointing for the entire month, using high-quality data images instead of relatively poor dome flats. Then, during a 10-day observing run in the summer of 2012 (with 6 usable nights), we obtained 70 additional NIR spectra of candidate stars with TIFKAM at MDM, with the same instrument setup as in 2011.
Reductions were performed entirely in IRAF, primarily using the KPNOSLIT and ONED-SPEC packages. We used a selection of long and short exposure flats to create a bad pixel mask with CCDMASK, and then performed trimming, bias-subtraction, and flat-fielding with FLAT-COMBINE and CCDPROC. Once the initial preparation was complete, the spectra were extracted from the A-B images with APALL. Then we used IDENTIFY to determine a wavelength solution for each spectrum from the 4 or 5 strong Ar lines, and DISPCOR to apply the solutions to the spectra. All spectra for each individual object were combined using SCOMBINE, and then telluric correction was performed with TELLURIC.
Results
During 29 nights of observing we observed 333 candidates, finding 90 NIR emission sources (for a success rate of 27%) in some of our survey's most crowded fields. Of the emission-line sources, 55 were new WR stars, with 24 WC and 31 WN; finder charts for these new WR stars are included in appendix A. WR types and subtypes were assigned by eye, comparing the relative strengths of nearby line pairs as in Crowther et al. (2006) ; classification would ideally be performed using EWs of the spectral lines, but in many cases they are difficult to obtain due to heavy blending which is easily compensated for by eye. Figures 5 and 6 show the positions of the new emission sources on the color cut plots, and figures 7 thru 16 show the spectra of the new WR stars, sorted by subtype. Tables 2 through 6 give the location, magnitude, subtype, and (in some cases) extinction and distance of each NIR emission object classified in this paper.
Two of the new confirmed WR stars are particularly notable. First is WR1430-AB0, which displays a spectrum consistent with a WN4 subtype in J-band, but a spectrum indicating a WN7 subtype in K-band. The other notable star is WR1627-A6D, a WC7:: which is associated with a Chandra x-ray source (CXO J191011.5+085839). Few if any single WC stars show x-ray emission. Using the HRC x-ray flux of 3.1 × 10 −14 erg s −1 cm −2 and the derived distance of 4.7 kpc yields an x-ray luminosity of 8.3 × 10 31 erg s −1 , which is at least a factor of 2 less than the faintest x-ray WR stars in the Large Magellanic Cloud (Guerrero & Chu 2008) .
In addition to new WR stars, we classified a number of other emission-line objects which were selected using our tools. The 17 planetary nebulae (spectra shown in figure 17 ) display strong emission in the He I 2.06 µm and Br-γ/He I 2.17 µm filters, with little to no continuum. PNe are quite easy to identify, particularly using 2MASS and WISE color criteria, as described in Faherty et al. (2014) and a paper in preparation. We also observed nine emission-line sources which are likely to be emitting YSOs (cf. Greene & Lada 1996) due to the lack of CO bands redwards of 2.3µm; these spectra are shown in figure 18.
Another source of interlopers in the WR candidate set is Be stars; the 3 Be spectra are shown in figure 19 . These spectra show relatively weak emission in the 2.17 µm filter, with strong continuum emission and a large number of Hydrogen lines, especially in H-band. Finally, the largest category of contaminants among our candidates are M giants and supergiants, often with Br-γ emission, as shown in figures 20 and 21 (cf. Rayner et al. 2009 ). Contaminants with no emission were generally chosen using criteria from the He II and Br-γ filters early on in the selection process; due to the shape of the spectra, these stars appeared brighter in those filters than in at least one of the continuum filters. Once we discovered this trend, that criterion was no longer used.
Galactic WR Distribution
We expect to find WR stars in areas with recent star formation, which in spiral galaxies like the Milky Way will be in the plane of the Galaxy, concentrated most closely along the spiral arms. Figure 22 shows a plot of the distribution of confirmed WR stars as projected onto the sky, using coordinates from the Wolf-Rayet Catalogue VIII, maintained by Paul Crowther, and absolute magnitude calibrations for the various WR types as in Rosslowe & Crowther (2013) . As expected, the WR stars cluster strongly within 1 • of b = 0; 80% of all confirmed WR stars lie within the bounds of the survey described in section 2, despite being limited to ±1 • in Galactic latitude. Also included in figure 22 is a histogram showing the distribution of WR stars in Galactic longitude. The plot shows heavy clustering at l = ±30 • , where the telescope is pointed along the Carina or Norma arms, as predicted in simulations of WR distribution based on local surface densities, described in the appendix to Paper I. Figure 23 shows the distribution of WR stars on the Galactic plane, overlaid on an artist's representation of the Milky Way so as to highlight the spiral arms. This work (in combination with Papers I and II) more than doubles the number of confirmed WR stars on the far side of the Galaxy, including the most distant WR stars yet identified. The majority of new WR stars classified here roughly trace the northern curve of the Carina arm, where one would expect the most massive star formation.
In figure 24 , we see the ratio of WC to WN population as a function of Galactocentric distance, which is an approximation to the metallicity of the star-forming environment. Higher metallicity leads to more efficient mass loss via the WR star's strong stellar winds, and so with greater metallicity one would expect a larger fraction of WC stars, whose outer envelopes have been more thoroughly stripped. As expected, we see that the ratio of WC to WN increases from 10kpc to 5kpc. The fraction falls off nearer to the Galactic center, however, as the number of detectable WC stars decreases; the stars become shrouded in dust and the lines therefore harder to identify. In addition, many known WC9ds from the literature were not included in this plot, as they have no magnitude calibration, and thus a Galactocentric distance cannot be recovered for them. We expect that the fraction increases at large distances due to small number statistics.
Completeness and the Survey in Context
The image subtraction methods detailed in section 2, in addition to the candidate selection methods described in Papers I and II, have allowed us to identify the faintest, furthest WR stars in the Galaxy. Figures 25 and 26 show histograms and cumulative fractions of the J-and Kmagnitudes, respectively, for WR stars identified by the Shara et al. survey and in the literature. There are clear mismatches in the range of typical magnitudes between the two populations; the WR stars identified by this survey are significantly fainter than those in the literature, particularly for WC stars, which can be far more difficult to identify if the emission lines are diluted by continuous NIR emission by the star's shroud of dust (a characteristic of WC9ds, particularly near the Galactic center). In addition, figure 27 shows that these faint WR stars lie at greater distances from the Solar System than any WR stars previously identified. The Shara et al. survey has more than doubled the number of confirmed WR stars on the far side of the Milky Way.
This imaging survey [Paper I, Paper II, and the present paper] has contributed 27% of the currently identified population of Galactic WR stars. The majority of this contribution lies in regions that have not been explored previously in the literature, both spatially and in magnitude/color space. Figures 28 and 29 show the spatial mismatch between the contributions by these papers and the literature; clear differences in the area of investigation between the literature and this survey are highlighted. Figure 30 , meanwhile, shows all currently-known WRs on an NIR color-magnitude diagram. Before this survey, it might have been believed that such a diagnostic would be effective at isolating candidate WR stars, as the great majority of WRs from the literature are separated from the main field star region. However, when the results from this survey are included, it's clear that Wolf-Rayet stars are found among the crowded field regions in this diagram, and that this survey is effectively identifying faint, red, distant WR stars.
The set of new WR stars and other emission objects presented in this paper is not complete, nor was there any attempt at completeness; the criteria by which we selected WR candidates evolved continuously throughout the follow-up observations. Instead these new WR stars serve as a test for the image subtraction methods as a means of identifying new WR stars in the survey images which had already been probed by Papers I and II. These new WR stars are a valuable addition to the catalogue of Galactic WR stars, and measures of completeness will be discussed in the next paper in this series, in preparation.
Conclusions & Looking Forward
The imaging survey first introduced in Paper I has already produced roughly 25% of the known Galactic WR stars using photometric selection techniques (Shara et al. 2009; Shara et al. 2012) . Using new reductions and image-subtraction methods, we have shown in this paper that there are still many more Galactic WR star candidates to be discovered and confirmed, particularly in the Southern hemisphere. The Galactic Center region in particular has not been tapped, as the survey images are so crowded that special care must be taken with them. The pipeline described in this paper is capable of analyzing all but the densest regions in our survey.
The WR population simulations presented in Paper I predicted several thousand WR stars in the Milky Way, which have not yet been identified. However, the results presented here are not inconsistent with those predictions, for a few reasons. First, due to the necessity of spectroscopic follow-up to confirm each WR star, even with a high success rate the number of observations necessary is very large. Second, the majority of WR stars still unidentified lie either on the far side of the Galaxy, and are thus very faint, or near the Galactic Center in prohibitively crowded fields.
This publication makes use of data products from the Two Micron All Sky Survey, which is a joint project of the University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of Technology, funded by the National Aeronautics and Space Administration and the National Science Foundation. This publication also makes use of data products from the Wide-field Infrared Survey Explorer, which is a joint project of the University of California, Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology, funded by the National Aeronautics and Space Administration. AFJM is grateful for financial assistance from NSERC (Canada) and FQRNT (Quebec). Fig. 1 .-A quadrant of the C IV image from field 1093 (a representative survey field), before (left) and after (right) image differencing, subtracting a narrow-band continuum image scaled to the same wavelength. This image demonstrates the high degree of crowding present in the survey images (the displayed field is ∼ 24 deg from the Galactic center). Residuals ideally are candidate emission objects. The great majority of point sources have been completely removed; residual flux from most of the remaining non-emission stars is due to incomplete subtractions of saturated stars (K ≤ 9), or from inadequate PSF matching due to high spatial variability in the PSF between and within the images. Three previously-known WR stars from the literature are identified with red arrows in the difference image. figure 1 , highlighting a known WR star in the C IV narrow band image (left), C IV interpolated continuum image (center), and difference image (right). The WR star remains as a perfect residual PSF in the difference image, while the great majority of source pixels elsewhere are removed by the subtraction process, leaving only the brightest sources in the original C IV image as incomplete subtractions. figures 1 and 2) . The difference image magnitude (m dif f ) on the y-axis has been normalized for the original source brightness by subtracting continuum magnitude (m c ), leaving ∆m the normalized emission-line excess. By enclosing 99% of the points in the orange isodensity contour, we isolate those sources with excess that are least likely to be incomplete subtractions; known WR stars in this field, the green labeled points, lie well outside the contour. To survive the culling process, prospective candidates must lie below the contour, in a similar region to the WRs from the literature. Faherty et al. (2014) . These plots provide another layer of differentiation during the selection process. The bottom plot in particular shows the wide separation between emission objects (WR stars and PNe) and field stars in NIR/MIR color space. PNe are included as common emission objects other than WR stars which can be found using these tools; 18 newly-identified Pne are presented in this paper. a These stars are emitting cool stars, M giants or supergiants (Rayner et al. 2009 ).
b A number of emission sources seem likely to be YSOs (Greene & Lada 1996) . a B, V , and R photometry is from the NOMAD catalog; J, H, and K photometry is from 2MASS; and W 1 − 4 are from the WISE preliminary source catalog. The selection criteria used to identify strong Wolf-Rayet candidates are also extremely effective at identifying new PNe; the search for new PNe is described in a paper in preparation.
-34 - Fig. 18 .-Likely YSOs, as these spectra lack the CO bands redwards of 2.3µm which identify emitting red giants and supergiants. Fig. 19 .-All new Be stars classified in this work. The full JHK spectrum is shown for these objects, displaying the prominent Brackett series. Be star interlopers are relatively common, as they are selected strongly by the BrGamma filter and can only be ruled out by obtaining spectra. -The ratio of WC to WN population as a function of Galactocentric distance, as a tracer of the Galactic metallicity gradient. Bin sizes were chosen to have an equal number of members in the full WR population scenario (bottom). It is interesting that WRs from the literature have the opposite profile than is expected. However, this is likely due to the prevalence of WC9ds in the high-metallicity inner regions of the Galaxy, as there are no magnitude calibrations for these dusty stars; thus, Galactocentric distances cannot be computed, leading to an artificial skew of the WC/WN ratio near the Galactic center. 
